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a  b  s  t  r  a  c  t
The  performance  of photocatalytic  reduction  of chromium  (VI)  via  a new  TiO2 ﬁlm  and a  platinum  anode
was  systematically  evaluated.  The  as-prepared  TiO2 ﬁlm  is composed  of  a  dye-sensitized  zone  and  a
catalysis  zone.  Charge  separation  was  accomplished  with  electron  transferring  to  the  catalysis  zone
and  positive  charge  transforming  to an anode.  A powerful  reduction  ability  of  the  reaction  system  was
achieved  in  the  absence  of  any  organics  under  visible  light  irradiation.  Several  parameters  includingeywords:
hotocatalytic reduction
ye-sensitization
iO2 ﬁlm
pH,  dissolved  O2, the primary  active  species,  the durability  of  the  as-synthetized  ﬁlm  and  so  on  were
investigated.
© 2013 Elsevier B.V. All rights reserved.hromium (VI)
lectron transfer
. Introduction
Chromium is a toxic and mobile pollutant mainly originating
rom industrial processes like electroplating, leather tanning, and
etallurgy [1,2]. It mainly occurs in two common oxidation states
n aquatic environment, Cr(III) and Cr(VI). Cr(VI) species are known
cutely toxic and carcinogenic, and one hundred times higher toxic
han Cr(III) [3,4]. In addition, Cr(VI) is mobile in nature because of
ts weak absorption to inorganic surfaces [5]. In contrast, Cr(III) is
eadily precipitated at near-neutral pH, and it is much less mobile
n the environment due to its highly “particle reactive”[6]. Removal
f chromium from the environment has been actively investigated
hrough many techniques such as cross ﬂow microﬁltration [7],
everse osmosis [8], ion exchange [9,10]. These methods were
ometime expensive and often inefﬁcient at low concentrations.
herefore, the preferred treatment of chromium pollutant in water
s reduction of Cr(VI) to less harmful Cr(III), then readily occurs
recipitation as Cr(OH)3 in neutral or alkaline solutions [11].
Recently, photocatalytic reduction of Cr(VI) to Cr(III) using
he semiconductor photocatalysis technology has received con-
iderable attention [12–18]. Of all semiconductors, TiO2 is the
ost frequently used photocatalyst due to its favorable chemical
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eproduction in any medium, provided the original author and source are credited.
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ttp://dx.doi.org/10.1016/j.apcatb.2013.04.056property, high stability, and relatively low cost [19]. Electron (e−)
and hole (h+) are generated during the photolysis proceed of TiO2.
These photoelectrons and photoholes either recombine or become
involved in redox reactions. The photo-excited electrons in DSC
zone under light irradiation can arrive at catalysis zone rapidly [20],
promoting the reduction of Cr(VI).During degradation of organics,
the photoelectrons can attack O2 to produce active species O2•−,
H2O2 and •OH [21]. The photoholes with highly oxidizing ability
can directly participate in oxidative degradation of organics or
oxidizing water to produce •OH. These generated active species
O2•−, H2O2 and •OH can degrade organics fully to CO2 and water.
Therefore, both photoelectrons and holes can play a role in the
degradation of organic pollutants. For photocatalytic reduction
of Cr(VI), electrons at the conduction band (CB) of TiO2 reduce
Cr(VI) to Cr(III). But the photoholes can not be used to reduce
Cr(VI), and even produce •OH from oxidation of water, which will
oxidize Cr(III) to Cr(VI). In addition, the photoholes can not be
used to reduce Cr(VI) similarly, and produce •OH from oxidation of
water, which will oxidize Cr(III) to Cr(VI). Meanwhile the serious
electron-hole recombination causes its very slow reduction. Thus,
organic compounds [22–26], such as methanol, ethanol, and acid,
are often added as scavenger to suppress charge recombination
and avoid the formation of •OH, thus leading to enhancement of
the photoreduction. Alternatively, the photocatalytic reduction of
Cr(VI) can be conducted in couple with the oxidation of organics by
adding some organic pollutants in solution. Inorganic heavy metal
ions and organic pollutants generally exist concurrently in actual
pollution systems. Recently, the suspended TiO2 powder has been
proved to be an efﬁcient photocatalyst for treatment of Cr(VI) waste
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dFig. 1. Working mechanism for the photocatalytic reduction of Cr(VI).
ater with organics. However, its UV light response of band gap
.2 eV, penetration depth of UV light, ﬁltration and re-suspension
f these powders limit its practical application [27]. Moreover, it is
vident that TiO2 is not suitable for the treatment of single Cr(VI)
aste water, which contains no or trace amount of organics at
ll. Hence, developing efﬁcient and durable systems under visible
ight response for reduction of Cr(VI) becomes necessary.
Herein, we used a new TiO2 ﬁlm for photocatalytic reduction of
r(VI) in aqueous solution under visible light irradiation. The as-
repared TiO2 ﬁlm was a composite of two zones, dye-sensitized
DS) zone and catalysis zone. In DS zone, a similar structure of dye-
ensitized solar cells (DSCs) was fabricated, which was  composed of
 dye-sensitized TiO2 ﬁlm, electrolyte, and a counter electrode [28].
ight absorption and charge separation are ﬁnished in the DS zone.
lectrons injected from dyes into CB of TiO2 can diffuse from the DS
one to the catalysis zone along the network of TiO2 nanoparticles.
ny species with a reduction potential more positive than the CB of
iO2 can consume these electrons in catalysis zone, among which
he reduction of Cr(VI) to Cr(III) is inclined to be realized (Fig. 1).
esides, the high work efﬁciency through the TiO2 ﬁlm inspired us
o verify the possibility of photocatalytic reduction of Cr(VI) in the
bsence of any organics [29–31].
. Experimental
.1. Apparatus
The new TiO2 ﬁlm was prepared according to the previous work
29]. The photocatalytic reduction of Cr(VI) experiment was  imple-
ented in a H-type reactor (Fig. 2). The catalysis zone with an
ctivated area of 1.96 cm2 was inserted into solution A containing
2Cr2O7 aqueous solution (20 mg  L−1, 50 mL,  pH 2). An electrode
Pt/FTO) with the same area acted as anode was  inserted into
olution B with 50 mL  of distilled water. The two  solutions were
eparated by Naﬁon membrane. The counter electrode of the TiO2
as connected with the anode through a copper wire. A 300 W Xe
amp (max = 500 nm)  was used as the visible light source, which
rradiated at a distance of 20 cm to the TiO2 ﬁlm surface through
20 nm cutoff ﬁlters. Light intensity, as measured by a visible-
rradiance meter, was about 40 mW cm−2 at the position of the
ye-sensitized region located. Air was bubbled through the pipeFig. 2. Photocatalytic reduction of Cr(VI) in H-type reactor.
at a rate of 25 L h−1, and gas ﬂow was  continued during irradiation.
The initial pH in solution was  adjusted by 2 M NaOH or 2 M H2SO4.
2.2. Chemical analysis
During the given time intervals, 1.0 mL  of the sample was
taken from the solution, and was analyzed for Cr(VI) using a 1.5-
diphenylcarbarzide (BDH) colorimetric method [32], determined
spectrophotometrically by measuring the absorbance at 540 nm in
acid solution with a UV–vis spectrophotometer (Varian). The con-
centration of phenol was  determined by a HPLC using an Agilent
1100 chromatograph equipped with a ZORBAX Eclipse XDB-C18
reversed phase column. HPLC was detected by a UV detector
adjusted to 270 nm.  The mobile phase was  a mixture of water and
methanol (20:80 v/v) with a ﬂow rate of 1.0 mL/min. The amounts of
H2 and O2 was determined by GC/TCD. The concentration of Methyl
orange(MO) in aqueous solution was monitored by UV/vis spec-
trophotometric measurements at given time intervals. Hydrogen
peroxide concentration was determined by a spectrophotometric
method using the potassium titanium (IV) oxalate method [33], and
then the absorbance was  measured at 400 nm in a 1 cm quartz cell.
The ﬂuorescence emission
Of 7-hydroxycoumarin was measured at 332 nm excitation
using a spectro ﬂuorometer.
3. Results and discussion
3.1. Effect of pH on the photoreduction of Cr(VI)
The pH of the solution is an important parameter in photocat-
alytic process. The reduction of chromium at different initial pH
was shown in Fig. 3. The variation of pH had an obvious inﬂuence on
the reduction of chromium (VI). Higher degradation efﬁciency was
obtained when experiments were occurred in acidic solutions than
that in alkaline solutions. The photoreduction efﬁciency dropped
markedly with the increase of pH. For example, 99.5% of reduction
efﬁciency was  achieved at pH 2 after 60 min  of visible light illu-
mination, whereas 77% of Cr(VI) was reduced at pH 10 within the
same time period. The effect of the acidiﬁed pH is in agreement
with the reported results [34,35]. The dominant chromium species
in the solution of pH 2 is HCrO4
−. The overall reduction reaction of
−HCrO4 can therefore be written as follows:
HCrO4
− + 7H+ + 3ek1
k2
Cr3+ + 4H2O (1)
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ubbling.
 = k1k2−1 (2)
1 = CHCrO4− CH+CCr3+ −1 (3)
2 = CCr3+CH+ −1CHCrO4−1 (4)
K, k1, k2 express the overall reaction rate constant, positive
eaction rate constant and negative reaction rate constant, respec-
ively, while CHCrO4
−, CCr3+ , CH+ refer to the Cr(VI) concentration, the
r(III)concentration and the H+ concentration, respectively. Since
he overall reaction rate constant is ﬁxed at room temperature, the
igher concentration of protons (H+) at lower pH value will cause
igher positive reaction rate constant and will beneﬁt the reaction
q. (1) shifting to the right side. Hence, the thermodynamic driving
orce of electrons from CB to Cr(VI) increases with pH’s decreasing.
n addition, the reduction potential of the couple Cr6+/Cr3+ moves
ore positive at low pH than the CB of TiO2 shifts [36]. Besides, TiO2
urface becomes positively charged under acidic HCrO4− shows
igh adsorption capacity at low pH [37]. These reasons might result
n high reduction efﬁciency of Cr(VI) in acidic condition. Of course,
he deposition of Cr(OH)3 on the catalyst surface under neutral or
lkaline conditions retards the photoreduction, which can not be
gnored.
.2. Effect of bubbling air and N2 gas
To study the effect of O2 in the photoreduction of Cr(VI) on the
iO2 ﬁlm, experiments were carried out under bubbling air or nitro-
en gas. As shown in Fig. 4, the photocatalytic efﬁciency was  higher
n air (99%) than in N2 (85%) case. The presence of oxygen con-
ributes signiﬁcantly to the photocatalytic process. O2 may  act as
oth an electron scavenger and a source of reductant. As an elec-
ron scavenger, O2 competes with Cr(VI) for the photogenerated
lectrons at CB of TiO2, which will decrease the Cr(VI) reduction
ate. As for a source of reductant, it is well known that O2 can react
ith electrons at CB of TiO2 to produce O2•−, followed by reaction
ith H+ to form •OOH, •OH and H2O2(Eqs. (5)–(8)). The species
2
•−, •OOH and H2O2 possess oxidizing ability, they can also act aseductant when reacting with Cr(VI) [38,39]. Consequently, in the
resence of O2, Cr(VI) can be directly reduced by the photoelec-
rons or indirectly by the photogenerated O2•−, •OOH and H2O2.
t should be noted that highly active species of hydroxyl radicalsFig. 4. Photoreduction of Cr(VI) in solution (20 mg L−1, 50 mL,  pH 2) when bubbling
air or N2.
•OH formed from O2 will oxidize Cr(III) to Cr(VI). Some contro-
versial results are obtained by different authors [11,40]. The higher
reduction efﬁciency of Cr(VI)(Fig. 4) observed suggests that the for-
mation of O2•−, •OOH, H2O2 (Eq. (5), Eq. (6), Eq. (7)) possibly was
predominate during the reduction reaction, whereas the formation
of HO• (Eq. (8)) was  subordinate.In contrast, the formation of HO•
was chieﬂy during the oxidation reaction.
O2 + eCB− → O2•− (5)
O2•− + H+ + eCB− → HOO• (6)
HOO• + H+ + eCB− → H2O2 (7)
H2O2 + eCB− → HO− + HO• (8)
The photodegradation of Methyl orange (MO) and the Cr(VI)
reduction were conducted in H-type reactor under the same con-
dition (20 mg  L−1,pH 2) concurrently for the purpose of testing the
assume. The formation of hydrogen peroxide (H2O2) was detected.
Coumarin was  added as a reagent trap of •OH to form the pro-
duction of the coumarin-OH adduct (7-hydroxycoumarin), which
can be quantiﬁed by measuring its ﬂuorescence emission intensity
[41]. The results in the two  groups were shown in Fig.S1, Fig.S2,
Fig.S3 and Fig.S4.As depicted in Fig.S1,the amounts of H2O2 pro-
duced during the progress of Cr(VI) reduction was much higher
than that in oxidation of MO,  whereas the concentration of •OH
was much weaker comparing with the oxidation reaction (Fig.S2,
Fig.S3)accordingly.Fig.S4 depicted that the degradation of MO was
performed fully. The two possible degradation pathways for methyl
orange was  proposed in scheme 1 (for more details, see suppor-
ting information). The hydroxyl radical attack was involved in both
pathways. From these results it was  convinced that the major active
species was O2•−, •OOH and H2O2 during the Cr (VI) reduction
progress while the predominate active species was •OH during the
MO degradation progress. Therefore, Cr(VI) trended to be reduced
into Cr(III) rather than Cr(III) occured oxidation into Cr(VI),which
is in accordance with the thermodynamic driving force result at
lower pH.
Under N2-atmosphere, a greater amount of Cr(VI) might be pho-
toreduced compared to that under air-equilibration. However, a
decrease has been found in photoreduced Cr(VI) when bubbling
Q. Wu  et al. / Applied Catalysis B: Environmental 142– 143 (2013) 142– 148 145
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Furthermore, the photoreduction of Cr(VI) based on the TiO2 was
carried out without any organics as scavenger.ig. 5. Effect of Cr(VI) reduction and the amounts of hydrogen production accom-
lishment concurrently.
2. There may  be existing another competing reaction between
eduction of Cr(VI) and H2 evolution.
With the purpose of further verifying the postulation, the
nvestigation of H2 was carried out subsequently. A closed gas-
irculation system was connected to H-type reactor of solution A,
nd H2 was measured using an online GC/TCD. The H2 evolution
nd the variation of Cr(VI) concentration as function of irradia-
ion time at N2 atmosphere was shown concurrently in Fig. 5.
s depicted in Fig. 5, considerable H2 was observed, weighed by
ctivated area, accounting to 85 mmol  cm−2 at 1 h. The variation
f Cr(VI) decreases obviously while the amounts of the photo-
atalytically produced H2 increases sharply with the exposure
ime, which is in accordance with the araised assume. The pro-
ons absorbed on TiO2 surface can accept CB electrons to produce
ydrogen. As the concentration of HCrO4− declines, the reduc-
ion of H+ ion will become predominant and more electrons take
art in hydrogen production. Thus, the competition with H2 evo-
ution leads to decrease of the photoreduction of Cr(VI). These
esults suggest that O2 is beneﬁcial to the photoreduction of Cr(VI)
ecause O2 acts as the carrier of electron transfer and suppresses
2 evolution to some extent, particularly at low concentration
f Cr(VI).
.3. Effect of initial concentration of Cr(VI)
The rate of photo-reduction of Cr(VI) over the TiO2 ﬁlm was
tudied by setting the initial concentration of Cr(VI) in the range
f 10–50 mg  L−1. As depicted in Fig. 6, Cr(VI) reduction efﬁciency
radually decreases with the increase of the initial concentration
f Cr(VI) from 10 to 50 mg  L−1. After 60 min, the percentage of Cr(VI)
rops 99% at concentration of 10 mg  L−1 and 86% at concentration
f 50 mg  L−1 under the same conditions of photoreduction. Then,
he kinetics of the photocatalytic reduction of Cr(VI) were investi-
ated. As seen in Fig. 7, a linear relationship was observed between
r(VI) concentration and irradiation time. The kinetic data calcu-
ated from the obtained results can be ﬁtted to a rate expression
f a pseudo-ﬁrst-order reaction [11,38]: ln(C0/Ct) = −kCrt, where
0 represents the initial Cr(VI) concentration and Ct refers to the
r(VI) concentration at irradiation time (t), and kCr is the appar-
nt rate constant of the photocatalytic reduction of Cr(VI). The rate
onstant values were found to decrease with the increase of initial
r(VI) concentration from 20 to 50 mg  L−1. Since the light intensity
nd TiO2 ﬁlm were ﬁxed, the same active sites in DS zone and catal-
sis zone cause a decrease in the initial rate of photoreduction of
r(VI) with concentration’s increasing.Fig. 6. Effect of initial concentration of Cr(VI) on the photoreduction in solution
(20 mg  L−1, 50 mL,  pH 2) with air bubbling.
3.4. Durability of the new TiO2 ﬁlm
Considering the practical application, the durability of the TiO2
ﬁlm was  tested when the reaction was  carried out in solution
(20 mg  L−1, 50 mL,  pH 2) under visible light illumination. The
removal efﬁciency of chromium(VI) was decreased 3%, from 99%
to 96%, during running 6 cycles. The results demonstrated the
as-prepared TiO2 ﬁlm was  comparably stable under the stud-
ied conditions. Further study was  conducted in 800 mL solution
(20 mg  L−1, pH 2) to evaluate the photocatalytic capability of the
TiO2, and the results were revealed in Fig. 8. The concentration
of Cr(VI) decreased gradually with illumination time’s rising. After
6 h, the photocatalytic efﬁciency was obtained with 98% removal
of Cr(VI) in the examined 800 mL  solution. Due to its good stabil-
ity and large capacity, it is feasible for the TiO2 ﬁlm to be applied
in large scale photocatalytic reduction of Cr(VI) using solar light.Fig. 7. Plot of ln(Ct/C0) versus time for photo-reduction of Cr(VI).
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.5. Effect of organics on the photoreduction
The Cr(VI) waste water often contains organic pollutants in
ctual pollution systems. It has been reported that the presence
f organic compounds as sacriﬁcial electron donor can accelerate
he photocatalytic reduction of Cr(VI) [22–26]. The photogenera-
ed holes are rapidly scavenged from the TiO2 particles by the
rganic species, suppressing electron–hole recombination on TiO2
nd accelerating the reduction by photogenerated electron. From
he view point of the photocatalytic treatment of both organic and
norganic waste water, the effect of phenol added to the reduction
ystem was investigated in this work. The addition of phenol is
xpected to act as electron donor to promote the photoreduction.
ne experiment is designed under the condition of adding phenol
o solution B, in which anode was inserted. The reaction was car-
ied out in H-type reactor with solution A (Cr = 20 mg L−1, V = 50 mL,
H = 2) and solution B (phenol = 20 mg  L−1, V = 50 mL,  pH = 2) under
isible light. As reﬂected in Fig. 9, the photocatalytic efﬁciency was
ig. 9. Photocatalytic efﬁciency of Cr6+ in solution A and degradation of phenol in
olution B when phenol was  added in solution B.Fig. 10. The amounts of O2 production and the variation of Cr(VI) concentration.
as high as 99% after 60 min  illumination. The photoreductions of
Cr(VI) are similar in the presence and the absence of phenol in solu-
tion B. The results revealed that phenol added in solution B had no
obvious inﬂuence on the reduction of Cr(VI). It was also found that
the concentration of phenol decreased with time and 63% removal
of phenol was  obtained after 60 min. Previous report exhibits that
anode directly oxidizes phenols via its oxidation ability or oxidizes
water to produce hydroxyl radical •OH, which is highly active for
degradation of organics [30]. The oxidation ability of the anode is
derived from the dye-sensitized zone of TiO2 ﬁlm. Under light exci-
tation and after electron injected to CB of TiO2, dye is oxidized to
dye+. The dye+ is regenerated by stripping electron from I− in elec-
trolyte, oxidizing it into I−3 , which results in separation of electron
and positive charge. Therefore, charge recombination is suppressed
by the efﬁcient charge separation through the controlled DSCs
structure design, rather than by electron donor of organics. When
I−3 is catalytically converted into I
− through counter electrode with
electron exchange, the positive charge is transported from counter
electrode to anode through copper wire.
As dyes repeated the process cycle of light absorption and regen-
eration, the oxidation potential of anode becomes high enough for
water oxidation, producing •OH, proton, and electron (Eq. (9)), or
leading to generation of O2 in the absence of any organics (Eq. (10)).
Pt + H2O → Pt(•OH) + H+ + e− (9)
Pt + H2O → Pt(O2) + 2H+ + 2e− (10)
In our previous paper [30], the coumarin-OH adducts were
measured in proportion to the illumination time, proving that
hydroxide radicals were indeed generated. The concrete amount
of oxygen evolved by anode was  also tested by the same investiga-
tion method of H2 (Fig. 10). The evolution of O2 increases gradually
with the decreasing of Cr(VI), reaching 198 mmol cm−2 after 1 h
exposure. Other experiments are carried out under conditions of
phenol added to solution A with air or nitrogen gas case, and the
experimental results are put forward in Fig. 11. When bubbling air,
the photocatalytic reduction of Cr(VI) worked smoothly at starting
stage, but it became slowly after 40 min  compared to the absence of
phenol, and causing a bit lower reduction efﬁciency within 60 min
(87% versus 99%). The phenol added in solution A diminished the
photocatalytic reduction of Cr(VI), which may  be ascribed to the
presence of O2. The O2•−, •OOH and H2O2 generated from the reac-
tion of oxygen and electron can act as reductant to reduce Cr(VI)
from the initial concentration. When Cr(VI) is reduced with illumi-
nation time and presents at low concentration, the species O2•−,
•OOH and H2O2 might be mainly focused on dealing with phenol
Q. Wu  et al. / Applied Catalysis B: Environmental 142– 143 (2013) 142– 148 147
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[4] V. Kapil, Chromium toxicity, in: U.S. Department of Health and Human Ser-ig. 11. Photocatalytic efﬁciency of Cr6+ (20 mg  L−1) and phenol (20 mg  L−1) in solu-
ion A (pH 2) with bubbling air (a, b) and N2 (c, d).
hrough their oxidizing ability. The 45% removal of phenol further
roves the oxidation reaction involved by these species, which will
xhaust some amounts of reductant for reduction of Cr(VI), and
ecrease the Cr(VI) reduction efﬁciency. When Cr(VI) was  at a low
oncentration of 4 mg  L−1, the addition of phenol (20 mg  L−1) in
olution A markedly lowered the reduction of Cr(VI) with only 21%
r(VI) removal after 60 min. These results suggested that the pho-
oreduction of Cr(VI) was suppressed by the presence of phenol,
articularly seriously at low concentration of Cr(VI) when Cr(VI)
nd phenol were coexistent in a solution.
Under nitrogen atmosphere, the similar photocatalytic reduc-
ions of Cr(VI) were obtained both in the presence and the absence
f phenol (line c in Fig. 11 vs Fig. 4), which shows that the addition
f phenol has no effect on the reduction of Cr(VI) under nitrogen. On
he other hand, only 15% of phenol was removed after 60 min  (line
 in Fig. 11). The small removal of phenol may  be partly owning
o the absorption of TiO2 surface or the effect of minimal adsorbed
xygen on the surface of TiO2. These results demonstrate that active
pecies, such as O2•− and •OH, were hardly formed at nitrogen
mbient, thus leading to little degradation of phenol and electrons
t CB of TiO2 as reductant reduced Cr(VI) to Cr(III) directly.
.6. The test of electrons in catalysis zone
The new TiO2 ﬁlm containing DSC zone and catalysis zone
orks smoothly during the reduction of Cr(VI). In DSC zone, light
bsorption and charge separation are accomplished according to
he principle of DSC. In catalysis zone, the electron on conduc-
ion band of TiO2 transforms from DSC zone to catalysis zone and
onverts Cr(VI) into Cr(III) under the catalysis of nano TiO2. The
eparated positive charges transfer through electrolyte to anode
nd oxidize water to release O2 to atmosphere. To provide evi-
ence about electron passing along TiO2 ﬁlm into catalysis zone,
he current in catalysis zone was measured by electrochemical
orkstation. The absorption spectra of N719 dye adsorbed on TiO2
lms was ﬁrstly tested in order to investigate the optimum LED
Fig. S5). As shown from Fig. S5, the dye displays two absorption
ands at around 360 nm and 526 nm,  which mainly stem from the
ntramolecular charge-transfer transition when light illumination
n DSC zone is turning on. The intensity of visible light should be
elated to local electron density, and high electron density will lead
o strong absorbance and subsequently high electron intensity. TheFig. 12. The absorption spectra of N719 dye adsorbed on TiO2 ﬁlms.
DSC zone and catalysis zone of the TiO2 ﬁlm were illuminated with
a 525 nm LED, and their following currents results for tapes a and
b measured occur after light on, and sharply decrease to initial
state after light off, whereas the current for TiO2 ﬁlm without dye
molecules remains nearly unchanged when under light illumina-
tion (Fig. 12), in which dye molecules have an important effect on
the behavior of absorbing visible light. These results provided clear
evidence that electrons indeed pass along the as–synthetized ﬁlms
from DSC zone into catalysis zone.
4. Conclusions
The ability of the new TiO2 ﬁlm for the Cr(VI) reduction under
visible light has been demonstrated. The removal efﬁciency of
Cr(VI) was higher in acidic solutions than that in alkaline solutions.
High removal efﬁciency was  achieved in the absence of any organ-
ics within 1 h at pH 2. Oxygen acted as the source of reductant
for enhancement of the photo-reduction. Phenol added into anode
solution as electron donor was  expected to promote photocatalytic
reduction. But it turned out to have no effect on the reduction of
Cr(VI). When phenol was added into the Cr(VI) solution, the oxi-
dation reaction of phenol completed with the reduction of Cr(VI),
thereby decreased the photoreduction, and this was  especially seri-
ous at low concentration of Cr(VI). The good durability and the large
capacity will beneﬁt the TiO2 ﬁlm for removal of chromium (VI)
under environmentally favorable conditions.
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